Pancreatic cancer is a leading cause of cancer deaths in the USA and is characterized by an exceptionally poor long-term survival rate compared with other major cancers. The hepatocyte growth factor (HGF) and macrophage stimulating protein (MSP) growth factor systems are frequently over-activated in pancreatic cancer and significantly contribute to cancer progression, metastasis, and chemotherapeutic resistance. Small molecules homologous to the 'hinge' region of HGF, which participates in its dimerization and activation, had been developed and shown to bind HGF with high affinity, antagonize HGF's actions, and possess anticancer activity. Encouraged by sequence homology between HGF's hinge region and a similar sequence in MSP, our laboratory previously investigated and determined that these same antagonists could also block MSP-dependent cellular responses. Thus, the purpose of this study was to establish that the dual HGF/MSP antagonist Norleual could inhibit the prosurvival activity imparted by both HGF and MSP to pancreatic cancer cells in vitro, and to determine whether this effect translated into an improved chemotherapeutic impact for gemcitabine when delivered in combination in a human pancreatic cancer xenograft model. Our results demonstrate that Norleual does indeed suppress HGF's and MSP's prosurvival effects as well as sensitizing pancreatic cancer cells to gemcitabine in vitro. Most importantly, treatment with Norleual in combination with gemcitabine markedly inhibited in-vivo tumor growth beyond the suppression observed with gemcitabine alone. These results suggest that dual functional HGF/MSP antagonists like Norleual warrant further development and may offer an improved therapeutic outcome for pancreatic cancer patients. Anti-Cancer Drugs 29:295-306
Introduction
Pancreatic cancer remains one of the deadliest of the major cancers in the USA. Over the past 35 years, little progress has been made in improving the long-term survival rate of pancreatic cancer patients [1] . Currently, the 5-year survival rate is 7% and the median survival time is 4-6 months after diagnosis [1, 2] . Surgical resection remains the only potentially curative option, but is only applicable in 10-15% of patients because the cancer has typically advanced to metastatic disease at the time of diagnosis [2, 3] . Chemotherapy is the standard treatment for patients with metastatic and advanced disease, and for patients following surgical resection [2] .
The nucleoside analog gemcitabine (2′,2′-difluoro-2′-deoxycytidine) has long been the frontline chemotherapeutic treatment given to pancreatic cancer patients, and has been shown to extend median survival time in advanced cases over other conventional chemotherapeutics [4] . Gemcitabine exerts its effects on tumor cells primarily by inhibiting DNA synthesis and inducing apoptosis [5] . A defining characteristic of pancreatic cancer is its refractoriness to chemotherapies, including gemcitabine. This chemoresistance is influenced by a number of factors including intrinsic or acquired resistance mechanisms within the tumor cells and a dense desmoplastic response [6] . Dysregulation of several growth factor systems contribute to tumor growth and chemoresistance, including the hepatocyte growth factor (HGF) and macrophage stimulating protein (MSP) growth factor systems [7, 8] . These systems are often overactivated in pancreatic cancer and play an integral role in tumor formation and disease progression [9, 10] .
HGF is the only known ligand for Met and is predominately produced by mesenchymal cells [11] . Met is a receptor tyrosine kinase and is broadly expressed in various cell types including epithelial cells [12] . The HGF/Met system mediates physiological, morphogenic, mitogenic, and motogenic behaviors [13] . Activation of Met by HGF induces signaling cascades through the MAP kinase and PI3K-Akt pathways, among others, which play roles in proliferation, migration, and survival [14] . MSP is similar to HGF and shares 45% sequence homology; however, MSP is produced primarily by hepatocytes and secreted into the circulation [15] . The tyrosine kinase receptor Ron is the only known receptor for MSP and is expressed principally in epithelial cells [12] . Similar to HGF/Met, the MSP/Ron system mediates a variety of normal cell functions and activation of Ron by MSP induces activation of the MAP kinase and PI3K-Akt pathways [16] .
Because of the significant contribution of the HGF and MSP growth factor systems in tumor progression and chemoresistance in pancreatic cancer, there is a widespread interest in the development of therapeutics that target and antagonize these systems. Small peptides with complete or partial sequence homology to the 'hinge' region of HGF have been shown to bind to HGF and inhibit HGF-dependent Met activation and associated cell behaviors [17, 18] . To activate Met, HGF must form a dimer [19, 20] . These small peptides, also known as hinge analogs, inhibit HGF activity by binding to HGF and preventing dimerization [17] . Previous work with the hinge analog Norleual (Nle-Tyr-Leu-ψ-(CH 2 -NH 2 ) [3] [4] -His-Pro-Phe), has demonstrated that Norleual is a potent inhibitor of the HGF/Met system, inhibited the prosurvival effects of HGF, and suppressed lung colonization in a murine melanoma cell model [17, 18] . Recent studies have shown that Norleual can inhibit the HGF/Met system and associated behaviors in pancreatic cancer cells including proliferation, migration, and invasion [21] . Interestingly, these studies have also shown that Norleual can inhibit MSP-dependent signaling and migration in pancreatic cancer cells [21] , likely due to the substantial sequence homology between HGF and MSP. Considering that previous results indicate Norleual acts a dual antagonist of HGF and MSP, we hypothesized that Norleual treatment may sensitize pancreatic cancer cells to gemcitabine because of inhibition of the prosurvival effects of the MSP/Ron and HGF/Met systems.
Materials and methods

Compounds and reagents
Norleual (Nle-Tyr-Leu-ψ-(CH 2 -NH 2 ) [3] [4] -His-Pro-Phe) was synthesized using solid-phase methods and obtained commercially from RS Synthesis (Louisville, Kentucky, USA). Recombinant human MSP and HGF were supplied by R&D Systems (Minneapolis, Minnesota, USA) and gemcitabine was from Sigma-Aldrich (St. Louis, Missouri, USA).
Cell culture
The human BxPC-3 pancreatic cancer cell line was acquired from the American Type Culture Collection (Manassas, Virginia, USA). BxPC-3-luc2 cells, a human pancreatic cancer cell line stably expressing the firefly luciferase gene luc2, were acquired from PerkinElmer (Waltham, Massachusetts, USA). BxPC-3 cell lines were maintained in RPMI media supplemented with 10% fetal bovine serum (FBS), penicillin/streptomycin cocktail, and plasmocin. The murine pancreatic cancer line LM-P originated from the KPC mouse model and was isolated from liver metastases as described in the study by Tseng et al. [22] . The LM-P cells were graciously provided by Dr. Andrew Lowy (Department of Surgery, Division of Surgical Oncology, University of California at San Diego, Moores Cancer Center, La Jolla, California, USA) and were maintained in DMEM supplemented with 10% FBS, penicillin/streptomycin cocktail, and plasmocin. All cell lines were kept in a humidified 37°C incubator with 5% CO 2 .
Survival assays
To determine the effects of Norleual treatment on growth factor-dependent survival, BxPC-3 cells were seeded in a 96-well plate at a density of 5000-10 000 cells/well in complete media and allowed to attach overnight. The following day, treatments of growth factor (MSP or HGF) + / − Norleual, or vehicle control were prepped in reduced serum media containing gemcitabine. The complete media was removed from the cells, treatments were applied, and the plate was incubated for 48 h. To assess the effect of Norleual + / − gemcitabine without added growth factors, treatments were prepared in reduced serum media and applied to BxPC-3 or LM-P cells at a density of 10 000 cells/well for 48-72 h. For each study, Norleual or vehicle was refreshed every 24 h. At study endpoint, 10 µl of WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium] (Dojindo Molecular Technologies, Rockville, Maryland, USA) was added to each well and the plate was returned to the incubator for 2.5 h to enable development of the WST-8 signal. A BioTek Synergy 2 plate reader (Tecan Group Ltd, Mannedorf, Switzerland) was used to detect the color change that occurs when WST-8 is reduced in the mitochondria of viable cells by reading absorbance at 450 nm.
Western blotting
To investigate the effects of Norleual treatment on basal levels of activated Met and Akt in human pancreatic cancer cells, BxPC-3 cells were grown in six-well plates in complete media to~80% confluency and then deprived of serum for 24 h. Treatments consisting of control (PBS vehicle only), and Norleual at 10, 1, and 0.1 nmol/l, were prepared in serum-free media and added to the cells for 1 h. Following incubation, samples were placed on ice and lysates were collected in RIPA buffer (Sigma-Aldrich). Lysates were centrifuged and supernatants were collected and subjected to the BCA assay (Thermo Scientific; Waltham, Massachusetts, USA) to determine protein concentration. Samples containing equal amounts of total protein were separated by SDS-PAGE and transferred to nitrocellulose. Following transfer, blots were blocked in 5% BSA in tris-buffered saline and immunoblotted for phospho-Akt (p-Akt), phospho-Met (p-Met), Akt, Met, and β-actin (all from Cell Signaling; Danvers, Massachusetts, USA). Blots were then incubated with the appropriate horse-radish peroxidase conjugated secondary antibody (Cell Signaling) and bands were detected using the enhanced chemiluminescent system (Thermo Scientific). Quantitative analysis of band pixel density was performed in ImageJ (NIH, Bethesda, Maryland, USA). Blots were stripped with Restore PLUS stripping buffer (Thermo Scientific) when needed.
To determine the effects of gemcitabine and Norleual treatments on levels of p-Akt and p-Met, BxPC-3 cells were grown to near confluency in six-well plates. Media was removed and wells were rinsed with serum-free media followed by addition of treatment groups consisting of control (PBS), gemcitabine (50 nmol/l), and gemcitabine + Norleual (1 nmol/l) prepared in 0.5% serum RPMI. Samples were incubated at 37°C for 24 h before lysates were collected and all treatments were refreshed 2 h before cell harvest. Lysate collection, SDS-PAGE, immunoblotting, and quantitative analysis were performed as described above with the addition of immunoblotting for Bcl-2 (Cell Signaling).
The effect of serum in the growth media on Met activation was evaluated by treating serum-starved subconfluent populations of BxPC-3 cells with treatments consisting of media with 10% FBS, serum-free media, conditioned media, or serum-free media with 10 ng/ml HGF for 10 min. Conditioned media was collected from separate BxPC-3 cultures maintained in serum-free media for 72 h. Levels of p-Met were determined as described above.
Live/dead assays BxPC-3 cells were seeded in a black-walled, clear bottom 96-well plate (Corning Incorporated; Corning, New York, USA) at 10 000 cells/well in complete media and incubated overnight to ensure attachment. Treatment groups consisted of control (PBS), gemcitabine (50 nmol/l), Norleual (0.1 nmol/l), and gemcitabine + Norleual and were prepared in 0.5% serum media. Cells were washed once with sterile PBS and then prepared treatments were added to appropriate wells and incubated for 72 h. Norleual or PBS was refreshed every 24 h. Following the incubation period, the numbers of live and dead cells were assessed by the Live-Dead Viability/Cytotoxicity Kit (Invitrogen, Grand Island, New York, USA). This kit utilizes Calcein AM as a marker for live cells as it is converted into a fluorescent product by esterase activity within viable cells. EthD-1, a cell impermeable dye that binds to nucleic acids, is used to designate dead cells. Dye solutions and standards were prepared and applied according to manufacturer's instructions. After dye incubation fluorescence emission was measured using a BioTek Synergy H2 plate reader. All groups were excited at 495 and 530 nm and emission readings were taken at 530 nm (Calcein AM) and 645 nm (EthD-1), respectively, and percentage of viable cells was determined by comparison to standards as described in the manufacturer's instructions. Random images were obtained for demonstration purposes with a Nikon Eclipse Ti-E imaging system (Nikon Instruments Inc., Edgewood, New York, USA) at × 200 total magnification after fluorescence data were acquired.
Orthotopic implantation of BxPC-3-luc2 cells
Five to six-weeks-old male athymic nude mice were obtained from Charles River (Wilmington, Massachusetts, USA). Mice were housed in standard plexi-glass cages with a 12-h light and dark cycle and under controlled temperature and humidity conditions. Autoclaved water and irradiated chow was available ad libitum. All mouse experiments were reviewed and approved by the Institutional Animal Care and Use Committee at Washington State University. BxPC-3-luc2 cells were grown to~80% confluency and then harvested with trypsin-EDTA solution and suspended in complete media. Cell suspensions were counted and only cultures with more than 90% viability as determined by trypan blue exclusion were used. The cells were then centrifuged, washed in PBS, and resuspended at a concentration of 5.0 × 10 6 cell/ml in a 3 : 2 mixture of chilled Matrigel : PBS (Matrigel from BD Biosciences, San Jose, California, USA). Mice were anesthetized with continuous 1.5% isoflurane-air mixture and a small incision was made on the left abdominal flank. The pancreas was exposed and 2.5 × 10 5 cells in 50 µl of Matrigel : PBS mixture were injected into the subcapsular region of the pancreas. Following injection a sterile cotton swab was placed over the injection site for 1 min to inhibit leakage. The abdominal wall was closed with absorbable Vicryl (Ethicon, Somerville, New Jersey, USA) sutures and the skin incision was closed with nylon sutures.
Experimental protocol
After 7 days postsurgery mice were imaged to ensure tumors had established (treatment day 0), and assigned to treatment groups so that each group had a similar average flux signal before treatment began (n = 7 for gemcitabine alone, n = 6 for vehicle, gemcitabine + Norleual, and Norleual alone). Before imaging, mice were injected subcutaneously with luciferin (150 mg/kg) and bioluminescence was measured in the IVIS Spectrum in-vivo imaging system (PerkinElmer) and expressed as total flux (photons/s). Mice were treated once daily through intraperitoneal injection with vehicle (PBS) or Norleual (1 mg / kg) and appropriate animals received twice weekly injections of gemcitabine (25 mg / kg). The Norleual dose was influenced by previous studies with Norleual in a melanoma model [17, 18] . Mice were imaged immediately before treatment began (day 0) and on treatment days 7, 14, 21, 28, and 32. Upon termination of the study, mice were euthanized and primary pancreatic tumors were excised and weighed. Measurement of tumor volume was performed with calipers and calculated by the formula:
where L is the length of the tumor along its longest axis, and W is the width at the widest point. Images were acquired with the IVIS system and produced as a grayscale image of each mouse with a pseudocolor overlay of the flux signal. Flux data were collected and analyzed with the Living Image Software (PerkinElmer).
Statistics
Data analysis was performed using GraphPad Prism, version 5 (GraphPad Software, LaJolla, California, USA). Results are expressed as mean SEM unless otherwise stated. Differences between groups were assessed by an unpaired two-tailed Student's t-test. Multiple comparisons were performed by one-way analysis of variance followed by Tukey's or Dunnett's post-hoc test when appropriate. A two-way analysis of variance followed by Bonferroni's post-test was performed to analyze the flux data for the orthotopic mouse model study. Differences between groups were considered statistically significant when P was less than 0.05.
Results
Norleual inhibits the prosurvival effects of HGF and MSP
Both the HGF/Met and MSP/RON axes have been implicated in encouraging the survival of gemcitabine challenged pancreatic tumor cells [23, 24] . The ability of both HGF and MSP to generate a prosurvival effect on pancreatic tumor cells treated with gemcitabine and the capacity of Norleual to blunt an HGF/MSP mediated prosurvival effect was measured by the WST-8 cell viability assay. Application of exogenous HGF and MSP at a concentration range of 20-80 and 50-400 ng/ml, respectively, provided a significant prosurvival effect on gemcitabine treated BxPC-3 cells (Fig. 1a and b) . Norleual demonstrated significant inhibition of an HGF (20 ng/ml) mediated prosurvival effect over a 10-fold concentration range of 4-0.4 nmol/l (Fig. 1c) . Similarly, Norleual exhibited robust inhibition of MSP (400 ng/ml) mediated prosurvival effect to levels near control at a peak concentration of 1 nmol/l (Fig. 1d) . These data suggest that Norleual can dually antagonize the prosurvival activity of both HGF and MSP in gemcitabine treated BxPC-3 cells.
Met and Akt activation is suppressed by norleual treatment
Given that the concentrations of HGF used in Fig. 1 are likely not physiological, we first investigated if Norleual could inhibit signaling without addition of exogenous growth factor. The effect of Norleual on basal levels of activated Met and Akt were investigated through Western blotting for p-Met and p-Akt after treatment with Norleual. Activation of Akt has previously been shown to play an integral role in pancreatic cancer chemoresistance and inhibition of the P13K/Akt pathway can augment gemcitabine-induced cell death [25] . BxPC-3 cells were treated with PBS (control) or Norleual at various concentrations for 1 h. Norleual significantly decreased Met activation at every concentration tested compared with control, and a trend of p-Akt inhibition was observed with the difference between control and the 0.1 nmol/l Norleual group reaching significance (Fig. 2a-c ). These results demonstrate that even in the absence of exogenous HGF, Norleual inhibited Met and Akt activation.
To Fig. 2d and e) . Gemcitabine alone appeared to increase p-Met expression over control but the difference did not reach significance. Similar to the p-Met data, the combination of gemcitabine and Norleual considerably suppressed p-Akt expression compared with the control group ( Fig. 2d and f) .
Activation of Akt mediates a number of prosurvival responses including activation of NF-κB, which has been shown to regulate expression of the antiapoptotic protein Bcl-2 [26] . Treatment with Norleual and gemcitabine decreased the level of Bcl-2 compared with control and gemcitabine alone (Fig. 2d) . These results suggest that Norleual inhibits the critical prosurvival pathways in pancreatic cancer cells that contribute to chemoresistance.
Next, we sought to determine the source of Met activation when no exogenous HGF was added. BxPC-3 cells were treated with media supplemented with serum, conditioned media, HGF, or serum-free media alone and expression of p-Met was determined. Media containing 10% FBS elicited a p-Met response similar to exogenous HGF (Fig. 2g) . Serum-free and conditioned media demonstrated little to no Met activation indicating the cells were not producing HGF in an autocrine loop. These results indicate that the basal Met activation observed is likely because of HGF present in the serum.
Norleual sensitizes pancreatic cancer cells to gemcitabine
Given that Norleual inhibited prosurvival signaling (Fig. 2) , we next sought to determine if this inhibition could sensitize pancreatic cancer cells to gemcitabine treatment. Survival assays demonstrated that Norleual alone was able to inhibit survival compared with an untreated control (Fig. 3a) . In the presence of gemcitabine, this inhibitory effect was amplified as the combination of Norleual and gemcitabine substantially inhibited survival compared with gemcitabine alone. We next performed a gemcitabine dose-response curve in the human BxPC-3 cell line (Fig. 3b) and the murine pancreatic cancer line LM-P (Fig. 3c) to determine whether similar inhibitory effects of Norleual could be observed in different pancreatic cancer cell lines. Norleual increased the cytotoxic effect of gemcitabine at several doses in each cell line (Fig. 3b and c) . Taken together, these results indicate Norleual sensitized the pancreatic cancer cells to gemcitabine-induced cell death, likely by inhibiting the activity of growth factors present in the serum (0.5-1% in these assays).
Concurrent treatment of gemcitabine and Norleual decreases cancer cell viability
To further test the effects of Norleual in combination with gemcitabine, a Live/Dead assay was performed. A limitation of the WST-8 assay when testing cytotoxic compounds is that the results cannot distinguish between an increase in cell death and an inhibition of cell proliferation. A Live/Dead assay utilizes fluorescent dyes to specifically identify live and dead cells, therefore cytotoxic effects can be determined by analyzing the number of live versus dead cells. Treatment with gemcitabine over 72 h decreased the number of live cells compared with control, but the difference did not reach statistical significance (Fig. 4a and b) . A slight decrease in viable cells was also observed in the Norleual alone group compared with the control. However, Norleual with gemcitabine significantly decreased the percent of live cells compared with the control group and gemcitabine alone. These results indicate that Norleual treatment sensitized the pancreatic cancer cells to gemcitabine-induced cell death.
Norleual and gemcitabine combination treatment inhibits pancreatic tumor growth
The therapeutic effects of Norleual either alone or in combination with gemcitabine on the growth of pancreatic For all experiments, treatments were applied for 48 h before survival was assessed. (*P < 0.05, **P < 0.01, ***P < 0.001, n = 8). tumors in vivo was investigated in nude mice orthotopically implanted with human pancreatic cancer cells. BxPC-3-luc2 cells stably express firefly luciferase and can be detected upon administration of luciferin. Mice were imaged 1 week after implantation to confirm tumor development, then divided into groups with similar mean tumor signal. The control and Norleual alone groups received daily intraperitoneal injections of vehicle and Norleual (1 mg/kg), respectively. The gemcitabine alone group received twice weekly intraperitoneal injections of gemcitabine (25 mg/kg) and the combination treatment group received daily injections of Norleual and twice weekly treatments of gemcitabine. Treatments were continued for 32 days and mice were imaged weekly and on day of sacrifice (day 32) to monitor treatment effects on tumor burden. Over the course of the experiment gemcitabine alone did not show any significant effect on tumor growth compared with vehicle as measured by total flux (Fig. 5a) . Likewise, the Norleual alone flux data displayed no statistically relevant differences in tumor burden compared with vehicle at any time point (Fig. 5a) . However, the flux data demonstrated that concurrent treatment of gemcitabine and Norleual significantly reduced tumor burden by the end of the treatment schedule in comparison to all other treatments. Separation in the trends of the flux data between the combination group and all other groups were observed as early as treatment day 14; however, statistically significant differences were not observed until day 32 (Fig. 5a) . Comparison of images from live, anesthetized mice at each time point illustrates the differences in the primary tumor flux signal between the gemcitabine + Norleual group compared with all other groups becomes more apparent at later time points (Fig. 5b) .
Upon termination of the treatment schedule, mice were sacrificed and primary tumors were excised, weighed, and measured to calculate the tumor volume. Analysis of the primary tumor weights revealed that gemcitabine alone did appear to have an effect on tumor size when compared to vehicle, but the difference did not quite reach significance (P = 0.0549) (Fig. 5c) . However, the primary tumors in the gemcitabine + Norleual group were the smallest of any of the groups and were significantly different than vehicle ( Fig. 5c and e) . A similar pattern was observed when the primary tumor volumes were calculated and analyzed, with the combination treatment presenting the smallest tumors by volume of any of the groups ( Fig. 5d and e) . Norleual alone had no effect on tumor size (Fig. 5c-e) . Taken together, the results of these experiments indicate Norleual sensitized the pancreatic tumor cells to gemcitabine treatment and reduced tumor burden compared with vehicle or either drug alone.
Discussion
Pancreatic cancer is a highly lethal disease that is characterized by strong resistance to currently available chemotherapeutics. Our results demonstrate that Norleual sensitized pancreatic cancer cells to gemcitabine both in vitro and in vivo. Although gemcitabine is considered the standard chemotherapy for pancreatic cancer, gemcitabine monotherapy only results in a median survival time of less than 6 months [27] . Strategies to improve the cytotoxicity of gemcitabine toward pancreatic cancer cells, particularly by inhibiting the prosurvival signaling pathways that are critical to chemoresistance, are attractive areas of research and have been given considerable attention [28] . Activation of the HGF/Met and MSP/Ron systems have been shown to increase resistance to chemotherapies in pancreatic cancer [7, 8] . Here we have demonstrated that Norleual inhibited both the HGF/Met and MSP/Ron systems and sensitized pancreatic cancer cells to gemcitabine. Consistent with these results, others have shown that inhibition of the Met or Ron growth factor systems increases the cytotoxic effects of gemcitabine against pancreatic cancer [23, 24] .
Activation of the prosurvival PI3K/Akt pathway has been implicated as an important driver of pancreatic cancer resistance to gemcitabine [25, 28] . Several studies have shown that the majority of pancreatic cancer cell lines and tissues exhibit increased Akt activation [29, 30] . A common characteristic of pancreatic cancer is the presence of oncogenic K-Ras, as over 90% of all pancreatic cancers exhibit the mutant, constitutively active form [31] . Activated K-Ras increases activation of downstream targets including the PI3K/Akt pathway, therefore mutant K-Ras is partially responsible for basal Akt phosphorylation in pancreatic cancer cells [28] . Interestingly, Met and Ron have recently been shown to mediate K-Ras oncogene addiction likely by enhancing K-Ras activation [8, 32] . Although the BxPC-3 cell line expresses wild-type K-Ras, activation of the HGF/Met and MSP/Ron systems activate PI3K and induce Akt phosphorylation independent of Ras [33, 34] . Our results demonstrate that Met and Akt phosphorylation was significantly inhibited by Norleual treatment in pancreatic cancer cells (Fig. 2) . These results indicate that Met activation is an important contributor to Akt activation in the BxPC-3 cell line and suggests that Norleual is a potent inhibitor of the Akt pathway through antagonism of upstream targets. The LM-P pancreatic cell line is derived from KPC (Kras G12D/ + ; LSL-Trp53 R172H/ + ; Pdx-1-Cre mice) mice and expresses mutant K-Ras. Treatment with Norleual increased LM-P sensitivity to gemcitabine (Fig. 3c) , and in previous studies significantly inhibited cell signaling and malignant behaviors [21] , indicating that Norleual demonstrates anticancer activity in both K-Ras mutant and wild-type pancreatic cancer cell lines.
The established mechanism of Norleual activity is that it binds to HGF and disrupts the HGF : HGF interactions that are required for Met activation, therefore Norleual activity is dependent on the presence of HGF [17, 18] . The inhibition of basal p-Met levels by Norleual without addition of HGF suggests there was either residual HGF in the extracellular matrix from the growth media, the cells maintain an HGF/Met autocrine loop, or Norleual inhibits Met in ways not yet elucidated. Given the high expression of p-Met following treatment of cells with 10% FBS media (Fig. 2g) , in the assays in which no exogenous HGF was supplied, Norleual activity was likely due to inhibition of HGF present in the serum, or from residual HGF in serum-free assays. Given the generally undefined composition of FBS, it is reasonable to expect the presence of low levels of growth factors including HGF and MSP in FBS. MSP is normally present in serum [15] and while we did not specifically test for activation of the MSP receptor by the serum, we cannot rule out that Norleual activity in the absence of exogenous growth factors may be in part due to inhibition of MSP. Given that we have previously shown Norleual to inhibit MSP-induced signaling and migration [21] , and inhibition of MSP-dependent survival in the present study (Fig. 1d) , it is likely that the effects of Norleual treatment in vitro and in the orthotopic mouse study is to some extent due to inhibition of MSP activity. Regardless of the source in vitro, the pancreatic tumor cells orthotopically implanted in the nude mice had a steady supply of HGF and MSP as these growth factors are readily available in vivo. HGF is produced by the tumor stroma including tumor associated fibroblasts [35] , and MSP is constitutively secreted into circulation [34] . The U-shaped dose-response curve observed in the survival assays (Fig. 1) , wherein high and low concentrations failed to significantly inhibit survival, have been observed and discussed previously [21] . Although the exact mechanism for this dose-response relationship is unknown, a possible explanation is that Norleual aggregates or there is a low affinity off-target binding site at high concentrations. At low concentrations, Norleual most likely is so dilute that it no longer has sufficient concentration to significantly affect cell behavior.
Analysis of the flux data from the orthotopic pancreatic cancer study in the nude mice indicates that Norleual considerably increased the cytotoxic effect of gemcitabine and significantly reduced tumor burden compared with all other treatment groups ( Fig. 5a and b) . However, no significant differences were observed between the combination treatment and gemcitabine alone when examining the primary tumor weight and volume data ( Fig. 5c and d) . Although the combination treatment group did have the smallest average tumor sizes by both metrics and were significantly different than vehicle, the differences between the combination group and gemcitabine alone did not reach statistical significance. Regression analysis of the acquired flux data at day 32 to measured tumor volumes showed poor correlation (R 2 = 0.405, data not shown). However, similar results have been reported in various cancer models and the correlation between photon output and tumor volume as measured with calipers has been shown to decrease over time as the tumor burden increases [36] [37] [38] . Luciferase activity can only be found in viable cells, therefore the flux data acquired is indicative of live cells whereas necrotic areas of the tumor will not contribute to photon output [39] . Manual tumor measurement with calipers does not distinguish between viable and necrotic areas of the tumor and thus may be a less accurate measurement when evaluating tumor suppression of potential cytotoxic agents [39, 40] . The large differences observed between the gemcitabine + Norleual treatment and all other treatments in the flux data, but not seen in the measured tumor volume, may be due to an increase in tumor cell death in the combination treatment leading to larger necrotic areas. The primary tumors from the combination group would then have a decreased number of viable luciferase-active cells to contribute to photon output; however, the necrotic regions would still influence the overall tumor volume and weight. This supposition will be tested experimentally by performing pathological and histological analysis of harvested primary tumors in future studies.
The primary objective of this study was to determine the effects of Norleual in combination with gemcitabine on pancreatic cancer cells, with the focus on investigating the inhibition of prosurvival signals. These results show that Norleual can sensitize pancreatic cancer cells to gemcitabine by reducing the prosurvival effects of HGF and MSP. However, the knockdown of these prosurvival effects may not be entirely responsible for the effects seen in vivo. HGF has been shown to play important roles in angiogenesis, response to hypoxia, and the desmoplastic reaction in pancreatic cancer [41] . These processes are essential for tumor growth and disease progression, and inhibiting the HGF/Met system may hinder the formation of an optimal tumor microenvironment as well as reduce angiogenesis within the primary tumor. Pancreatic cancer typically displays substantial desmoplastic rearrangement of surrounding tissue, which has been shown to impede drug delivery [42] . It is possible that the effects of the combination of Norleual and gemcitabine was in part because of disruption of HGF/ MSP mediated desmoplasia, which could lead to enhanced drug delivery. In addition, Norleual previously has been shown to inhibit the angiogenic activity of HGF on endothelial cells in an ex-vivo mouse aortic ring study [18] . Antiangiogenic factors prevent tumor cells from rapidly repopulating after exposure to cytotoxic chemotherapy, and act to normalize the tumor vasculature which in turn may increase drug delivery [43] . The role of MSP in establishing the tumor microenvironment as well as angiogenesis has also been established [16, 44] , and inhibition of the MSP/Ron system would suppress MSPinduced angiogenesis and subsequent cancer progression. Given that Norleual alone had no effect compared with vehicle in vivo (Fig. 5) , any effect on tumor cell signaling, behaviors, angiogenesis, or desmoplasia may have been insufficient to reduce tumor growth without the presence of a cytotoxic agent (gemcitabine) in this study. The specific mechanism of Norleual's anticancer activity in this model, particularly in combination with gemcitabine, will need to be established experimentally in future studies.
Conclusion
These results demonstrate that Norleual can effectively inhibit HGF and MSP-dependent survival, decrease prosurvival signals, and increase pancreatic cancer cell sensitivity to gemcitabine. Results from the orthotopic mouse model of pancreatic cancer show that Norleual retains activity in vivo and combination therapy of Norleual and gemcitabine was superior to gemcitabine alone in reducing tumor burden. Taken together, these results demonstrate the therapeutic potential of Norleual and justify further development and optimization.
